Though for many decades have we had thick-film resistors (TFRs) with good electrical properties, no well established model for describing their conduction mechanisms has been achieved. However the efforts of some research groups in U.S.A. and Europe in the last years have had success in improving our knowledge of the microstructure and of a large spectrum of electrical properties of TFRs. The available information narrows the field of possibilities for conduction mechanisms in TFRs. Though no conclusive assessment is yet possible, some lines for further progress can be precisely delineated.
INTRODUCTION
It is not always necessary to understand the physics of a material in order to exploit its properties. This is the case for thick-film resistors (TFRs) whose applications largely exceed the development of a comprehensive model that describes their performances.
Attempts to formulate such a model date back to the beginning of thick-film technology with an incredible diversity of hypotheses on both the microstructure and transport mechanisms involved.
In some cases extreme importance was ascribed to the conductive phase, treated as a continuous sintered phase; also conductive grains sintered in chains and in ohmic contact were conjectured and thought to be responsible for the resistivity and its temperature coefficient (TCR). In other cases the dielectric (or glassy) phase was considered as a continuous uniformly-doped semiconductor responsible for most of the electrical properties of
TFRs.
These models were proposed essentially because of the vague information available at that time on the microstructure of TFRs. Nowadays, this information is much more accurate and consequently the study of conduction mechanisms can be on a more sound basis, even if several problems are still being solved. In this paper we will try to review briefly our present knowledge of the structural and electrical properties of TFRs and to discuss capabilities and limits of different models for conduction mechanisms in TFRs, consistent with these properties. Moreover some features which require further investigation will be enumerated and further work suggested.
MICROSTRUCTURE OF THICK-FILM RESISTORS
Extensive investigations 1, 2 have shown that the development of microstructure in TFRs is very complex and affected by a variety of parameters. The composition, softening point, viscosity, thermal expansion coefficient and wetting properties of the glass, the ratio of the size of glass particles to that of metal.oxide grains, 2 and the sintedng properties of the conductor material are some parameters known to affect the final microstructure of TFRs, besides the process condition (temperature and time in a defined firing cycle). Also we can expect differences in the structure, and of course in composition, between resistors obtained from inks of different formulation.
Nevertheless some general features emerge from the investigation of the structure of different resistors, which can be associated with the general features of their electrical properties.
The investigations can take advantage of optical inspections, X-ray diffraction, scanning electron microscopy (SEM), microprobe analysis and transmission electron microscopy (TEM). [1] [2] [3] [4] [5] [6] [7] These techniques give complementary information for the characterization of TFRs, but owing to its resolution TEM gives the best results. 4 ,s The latter essentially show that the resistors are made up of a continuous glass phase with most of the conductive particles surrounded by glass (Figure 1 ). Conductive shallow impurity levels which, in large concentration, bring the Fermi level EF of the system very close to the conduction band E c of the glass and make semiconduction in the glass a possible conduction mechanism ( Figure 3a ); this situation is seldom observed in glasses with a large energy gap; deep localized states in the band gap of the glass which add to the states, commonly observed in amorphous glasses due to imperfections, and to states arising from glassmodifiers and residues of organic vehicles. The mechanisms by which these localized states can affect the electrical properties of the glass are to provide states for electron hopping or to act as resonant centres for direct tunnelling of electrons from grain to grain No specific experiment has been performed in order to discriminate between these alternatives, but an analysis of the electrical properties of TFRs can help in the identification of the real situation. A brief review of these electrical properties is summarized in the following.
FIGURE 2
Schematic representation of the electron path between metal-oxide grains. The figure emphasizes the conduction through the glass with two alternatives. In case electrons experience direct tunnelling between the grains, while in case 2 electrons "visit" some electronic states in the matrix. We will examine now these possibilities and speculate about their implications for the electrical properties of thick-film materials.
DIFFERENT POSSIBILITIES

Hopping Transport
There is no serious difficulty concerning the resistivity level of TFRs in a hopping model. good agreement between these values, except for the highest extreme of the conductivity range, but this is not surprising since we are comparing the electrical properties of "homogeneous" and very disordered materials. In the framework of classical tunnelling models, which deal with a "perfect" dielectric free from substantial impurities, we can calculate 2 that the conductivity level of TFRs is given either by very thin (--20 A) high potential barriers or by thick and low barriers (see Figure 4 ). But previous considerations rejected the possibility of very low barriers tThis formulation was previously applied by Forlani and Prudenziati 1 to percolative tunnelling of electrons between metal-oxide grains with no contribution of localized states in the intergranular material; this approach is not correct in this case since only nearest neighbouring grains are accessible for electrons in this picture.
while TEM experiments have shown that the geometrical separation of the grains is generally from 50 to 100 A or more. Consequently tunnelling processes can give substantial contribution to the conductivity of TFRs only if it is greatly enhanced by resonant centres in the intergranular material. Indeed experimental investigations on simple MIM structures 21 have shown that impurities in the insulator can increase the conductivity of the barrier by orders of magnitude or in other words can make the "effective barrier thickness", s', lower than the geometrical thickness, s.
Within this framework Pike and Seager 6 proposed that the minimum of the resistance in TFRs can be ascribed to a tradeoff between a negative temperature coefficient of resistivity, given by the tunnel process combined with the electrostatic energy required to transfer an electron from a neutral grain to another grain, and a positive temperature coefficient, provided by metal-oxide grains. According to their analysis, the presence of a minimum of resistance in ruthenate-pyrochlore.based resistors at the observed temperature would require a contribution of the resistivity due to the grains of the order of 30% independently of the sheet resistivity of a series of resistors, ranging from 10 2/r up to 10 6 '2/rn. This proposal seems to be supported by the fact that TFRs, made with even weakly semiconducting particles, never show a resistivity minimum, a but some questions remain open. Firstly it is puzzling why the resistance of grains should scale in the same way as that of the resistance of the tunnelling barriers, so that the contribution of the grains to the total resistivity remains fixed. Moreover we should expect that the temperature coefficients of resistance (TCR) Finally, measurements of the high frequency response of TFRs do not support the hypothesis of such a great contribution to resistance due to grains. 14 An alternative proposal for the origin of the minimum of the resistance in TFRs in the framework of resonance-assisted tunnelling transport is that the tunnelling barrier height q is temperature dependent, increasing when the temperature increases. It is found that very low temperature coefficients of q (around ppm/C) are enough to provide the minimum of resistance and give a very good fitting of experimental data over large temperature range (from 77 to 600K).
Conduction in a Narrow Band
In order to describe the temperature dependence of resistance in TFRs, an alternative model has been proposed 9 which requires a very narrow (10 --4 eV) band of states in the inter-granular material; they are supposed to be due to transition metal atoms diffused from the grains into the glass matrix, during the firing process of the resistors. The atoms are assumed to bond with the oxygen atoms of the silica network and so form rr / bonds of the same type which give rise to narrow conduction bands in transition metal oxides. :s At sufficiently high concentration rr / bonds overlap to form a narrow band of states which could be half-filled. At low temperatures electrons of poorly connected impurity centres will be trapped and will not contribute to the formation of an electron gas so that the material will look insulating. At high temperatures they can contribute to drive the matrix into a metallic form, though very "weakly metallic". This model has not been further developed in any analytical formulation so, even if suggestive, it eludes any quantitative check. However it could be consistent with very low Hall mobilities and Seebeck coefficients as well as low magnetoresistance effects. TFRs and on the composition of the intergranular material could be valuable; investigations on the electrical properties of structures more simple than TFRs but with the same "compositional ingredients" could be informative. A more systematic study on electrical noise and its temperature dependence z6'27 could provide further information.
More investigations on the possible existence of a narrow conduction band created by reactions of transition metal atoms with the glassy matrix of TFRs and on the electrical consequences of this band would be interesting, as well as a more precise approach to tunnelling processes assisted by resonant centres.
However some of these investigations would require a certain level of sophistication in the theoretical and experimental methods and then a definitive conclusion on a comprehensive conduction model of TFRs could require a long time.
